Background: Chemolithoautotrophic primary production sustains dense invertebrate communities at deep-sea hydrothermal vents and hydrocarbon seeps. Symbiotic bacteria that oxidize dissolved sulfur, methane, and hydrogen gases nourish bathymodiolin mussels that thrive in these environments worldwide. The mussel symbionts are newly acquired in each generation via infection by free-living forms. This study examined geographical subdivision of the thiotrophic endosymbionts hosted by Bathymodiolus mussels living along the eastern Pacific hydrothermal vents. High-throughput sequencing data of 16S ribosomal RNA encoding gene and fragments of six protein-coding genes of symbionts were examined in the samples collected from nine vent localities at the East Pacific Rise, Galápagos Rift, and Pacific-Antarctic Ridge. Results: Both of the parapatric sister-species, B. thermophilus and B. antarcticus, hosted the same numerically dominant phylotype of thiotrophic Gammaproteobacteria. However, sequences from six protein-coding genes revealed highly divergent symbiont lineages living north and south of the Easter Microplate and hosted by these two Bathymodiolus mussel species. High heterogeneity of symbiont haplotypes among host individuals sampled from the same location suggested that stochasticity associated with initial infections was amplified as symbionts proliferated within the host individuals. The mussel species presently contact one another and hybridize along the Easter Microplate, but the northern and southern symbionts appear to be completely isolated. Vicariance associated with orogeny of the Easter Microplate region, 2.5-5.3 million years ago, may have initiated isolation of the symbiont and host populations. Estimates of synonymous substitution rates for the protein-coding bacterial genes examined in this study were 0.77-1.62%/nucleotide/million years.
Background
Symbiosis involving chemoautolithotrophic bacteria plays a predominant role supporting the diverse invertebrate fauna that flourishes at deep-sea hydrothermal vents, hydrocarbon seeps, whale and wood falls, and organically enriched shallow water sediments [1] . The invertebrate animals use three different means to acquire the symbionts. For example, vent clams in the family Vesicomyidae, transmit their bacteria vertically through an ovarial pathway [2] [3] [4] , though some species might acquire bacteria laterally from unrelated hosts or from the environment, a process known as leaky vertical transmission [5] . Most chemosymbiotic taxa, such as the iconic vent tubeworm Riftia pachyptila, acquire their symbionts horizontally via infections by a free-living stage of microbe [6] . Various transmission modes pose different trade-offs (reviewed in [7] ). Vertical transmission provides 'symbiont assurance' resulting in the joint dispersal of hosts and symbionts, but it might constrain host species to a narrow ecological niche. Horizontal acquisition risks the failure of dispersing propagules acquiring the 'right kind' of bacteria when they settle in new habitats, but it creates opportunities to adopt diverse locally adapted strains of symbiotic bacteria wherever they settle [8, 9] . Because leaky vertical transmission involves vertical and horizontal components, it allows hosts to replace their symbionts with locally optimal strains, but it also engenders a risk of infections by "cheater" strains and pathogens [7] . Although numerous studies have examined the population genetics and geographical connectivity of various invertebrate hosts (reviewed in [10] ), only a few studies have examined their bacterial partners [11] [12] [13] [14] [15] [16] . Often the genetic markers employed to study the symbionts were limited in number and too conservative to adequately discern fine-scale geographical structure.
Herein, we attempt to assess geographical structure and dispersal of horizontally transmitted chemosynthetic bacteria hosted by parapatric sister-species of Bathymodiolus mussels. Various members of the mytilid subfamily Bathymodiolinae that commonly dominate vent and seep communities worldwide host a diverse suite of chemoautotrophic eubacteria capable of oxidizing H 2 S, CH 4 or H 2 gases [17] [18] [19] [20] [21] [22] [23] [24] . Apparently, their exceptional capacity for adopting phylogenetically diverse and locally adapted strains of bacteria has contributed to their rapid global radiation during the Middle Eocene and Early Oligocene Epochs [9, 25] .
A combination of microscopy and molecular evidence indicate that bathymodiolin larvae acquire their endosymbionts from the environments in which they settle [8, 9, [26] [27] [28] [29] . Initial infections of larvae occur in a range of epithelial tissues and then shift to the developing gills, where the bacteria proliferate [30] [31] [32] . Researchers hypothesized that dispersing mussel larvae might carry hitchiking symbionts from natal sites to new habitats in which they settle [8] , but the genetic evidence was insufficient and inconclusive. Regardless, environmental symbiont acquisition renders bathymodiolins susceptible to metabolic cheaters and pathogens [7] , but successful infections appear to be highly specific to potential symbiont species [31] . Unlike the experimentally tractable legume/rhizobium system [33] [34] [35] , signalling pathways and metabolic interactions that control specificity have not been investigated in the mussel/symbiont mutualism.
The goal of this study was to determine whether geographic barriers known to act on subdivision of the Bathymodiolus host species also govern genetic structure of the thiotrophic endosymbionts. Closely related sisterspecies of mussels are abundant at southeastern Pacific vents ( Fig. 1) . Bathymodiolus thermophilus Kenk & Wilson 1985 , occupies the Galápagos Rift (GAR, at 0°l atitude) and East Pacific Rise (EPR, between 13°N latitude and 18°S), whereas Bathymodiolus antarcticus Johnson, Won, Harvey, and Vrijenhoek 2013, occupies a northeastern extension of Pacific-Antarctic Ridge (PAR, between 32and 38°S latitude). The host species contact one another and hybridize at 23°S along the northwestern margin of the Easter Microplate [36] . Strong crossaxis currents intersect the ridge axes in this uplifted region, creating dispersal barriers for a number of ventrestricted animals (reviewed in [10] ). However, a gap exists in our knowledge about the symbiotic bacteria hosted by these Bathymodiolus sister-species, particularly with respect to their host specificity and biogeographic population structure. Although the northern species, B. thermophilus, is known to harbor a single thiotrophic symbiont species [37] , symbionts associated with the southern species, B. antarcticus are poorly understood. To ascertain whether the southern mussel is infected by the same symbiont species, and if physical barriers to dispersal similarly impede the northern and southern symbiont populations, we used highthroughput DNA sequencing of the 16S rRNA encoding gene and six protein-coding genes isolated from symbiotic bacteria sampled throughout the known ranges of their mussel hosts. We applied anlaysis of molecular variance (AMOVA) methods to estimate the proportions of symbiont genetic diversity: (1) contained between the northern and southern regions; (2) contained within population samples within regions; and (3) housed within individual host mussels.
Methods

Sampling
Oceanographic expeditions conducted between 1990 and 2005 sampled Bathymodiolus mussels from hydrothermal vent fields distributed along the Galápagos Rift (GAR), the East Pacific Rise (EPR), and the PacificAntarctic Ridge (PAR) (Fig. 1) . Details regarding geographical coordinates, bathymetric depths, and sampling methods were previously reported [36] . Following recovery of the research submarine HOV Alvin, mussels were immediately transferred to buckets containing 2°C filtered seawater. Gill tissue samples were dissected from adult mussels and preserved directly in cryovials containing 95% ethanol or frozen at −80°C. The DNeasy Blood and Tissue Kit (QIAGEN Inc., Valencia, CA) were used to extract total DNA from approximately 25 mg of gill tissue from each specimen.
Community analysis of bacteria from Bathymodiolus gill tissues
A subsample of 45 mussels from seven vent fields was screened for eubacteria-specific 16S rRNA sequences (Table 1A) . We designed new PCR primers (with barcodes and linkers) to span the 27F and 516R region of 16S rRNA encoding gene conventionally used for eubacterial ribotyping (Additional file 1: Table S1 , barcodes in Additional file 1: Table S2A ). Amplicons from 45 independent reactions were pooled and sequenced using 454 GS-FLX titanium sequencing machine (Roche, Branford, CT). We used PYROTRIMMER [38] to remove the barcode, linker and primer sequences, and trim the 3′-ends of sequences with low-quality reads (i.e. average score < 20 nucleotides per 5-bp sliding window). Ambiguous sequences and those shorter than 300 bp were discarded. The de novo chimera detection algorithm incorporated in UCHIME program [39] was used to detect and discard chimeric reads. To detect different phylotypes, sequence reads were trimmed to have 300 bp and identical or different only by insertion/deletion of bases were grouped together. The most frequent representative sequence of 16S rRNA encoding gene was deposited in GenBank [GenBank: KX987235] and the other rest variant sequences have been deposited in the Dryad data repository as a polymorphic table. To see if the size selection (300 bp) effects on the final result, the similar trimming and same downstream analyses were also applied to the original 454-pyrosequencing data with different criteria for DNA lengths (250, 350, 400, and 450 bp). The predominant sequence in each phylotype group was used to represent the group in subsequent phylogenetic analyses. Taxonomic affiliation of each representative sequence was determined by RDP classifier [40] against 16S rRNA training set 16 of RDP project. We initially analyzed the forward and reverse sequences, but ultimately used the reverse sequences alone as they provided improved recognition of phylotypes.
Symbiont protein-coding genes
To further characterize the thiotrophic endosymbionts, we examined six protein-coding genes from 72 mussels sampled from nine vent fields, which included the subset of individuals examined for 16S rRNA sequences (Table 1B) . For each individual, the 16S rRNA-coding and six proteincoding DNA sequences were amplified from a whole Table S2B ) to 5′-ends of the forward and reverse sequences. We used a nested PCR protocol to preferentially amplify sequences known to mark Bathymodiolus thiotrophic symbionts and minimize potential contamination by sequences from environmental bacteria. The nested thermal cycling was performed in 20 μl of reaction with initial denaturation for 1 min at 94°C; denaturation for 40 s at 92°C, 60 s at 58°C (35 cycles), extension for 1 min at 72°C; and final extension for 7 min at 72°C. All PCR products were then pooled according to sampling locations (nine vent localities as shown in Fig. 1 ). The next step involved ligation of MID adapters containing the recognition sequence for nine sampling sites (Table 1B) . Ligation was performed according to the GS FLX short-gun DNA library preparation quick guide (Roche, Branford, CT). Once MID adapters were ligated, all amplicons were pooled into a single tube and sequenced using 454 GS-FLX titanium sequencing machine (Roche, Branford, CT).
We used UCHIME [39] to remove erroneous chimeric reads from the protein-coding sequences. A two-step algorithm was developed to correct sequencing errors (Additional file 2: Figure S2 ). First, we imported raw 454-pyrosequencing reads into GENEIOUS v.6.1.5, and aligned them with the MUSCLE algorithm [41] . The barcodes and primers were removed and the remaining sequences were scanned for stop-codons or frame-shift errors. Second, we developed a PYTHON script to correct probable sequencing errors (Additional file 3). Although the pyrosequencing error rate was unknown, a range of conservative error-correction criteria (1-10%) was applied to the data. For example, a 1% criterion treated nucleotide substitutions occurring at 1% within a population sample as sequencing errors and corrected them to the most frequent base at that position. The process was repeated for the 2-10% criteria and the effects of these criteria on estimates of F-statistics were compared (Additional file 2: Figure S3 ). Generally, pairwise F ST estimates and hierarchical AMOVAs were robust to these criteria; so, we only report results from the 1% criterion.
Comparisons with partial genomic data from Bathymodiolus thiotrophs (Won Y-J, unpublished data), revealed that all of the 454-pyrosequencing reads of pgi exhibited complete deletion of a single 'T' in a poly 'T' track that would lead to premature termination the polypeptide. To restore the normal reading-frame we manually inserting a 'T' at the deletion site in all the pgi sequences. We also compared our COI and dnaK pyrosequences with Sanger-sequencing data from B. thermophilus thiotrophs [42] to confirm that our primer sets were specific for the bacteria genes (Additional file 2: Figure S4 ). Unfortunately, the remaining protein-coding genes could not be evaluated in this way due to an absence of published sequence data. The most frequent representative sequences of the six protein-coding genes were deposited in GenBank [GenBank: KX987236-KX987241], and the other rest variant sequences of each gene have been deposited in the Dryad data repository as polymorphic tables.
Population genetics
We used SPLITSTREE v.4.12 [43] to generate unrooted sequence networks for the six protein-coding genes. Genetic diversity indices, pairwise F ST estimates, and the analysis of molecular variance (AMOVA) were obtained with ARLEQUIN v. 3.5 [44] . We used the NUVEL-1A model option implemented in a web-based application (http://www.ldeo.columbia.edu/~menke/plates 2.html) to estimate seafloor spreading rates. Correlations between average sequence diversity (H) and seafloorspreading rates were estimated with SPSS v.21 (IBM, Armonk, NY). Pairwise geographical distances between sample localities were estimated in GOOGLE EARTH PRO v.7.1.2. Correlations between pairwise F ST estimates and geographical distances were examined. Because hierarchical subdivision can also generate patterns resembling IBD signals [45] , we used the stratified Mantel test implemented in GENODIVE [46] to remove the effects of subdivision.
We used a vicariant event to estimate synonymous and nonsynonymous substitution rates for the proteincoding genes. The sequences were sorted into groups located north and south of the Easter Microplate, a geomorphological feature that is estimated to be 2.5-5.3 million years (MY) old [47, 48] . Assuming that no symbiont exchanges crossed this geographic barrier following the initial separation, we used the Nei and Gojobori [49] method to estimate corresponding substitution rates for each gene. A PYTHON script developed for use with high-throughput genetic data can be provided upon request from Y-J Won.
Results
Community analysis of bacteria from Bathymodiolus gill tissues
The 16S sequences revealed a single dominant eubacterial species occupying gill tissues of mussels sampled throughout the known ranges of the two hosts (Additional file 4: Table S3 ). After quality-control measures were applied to delete questionable sequences, we were left with 43,421 sequence reads of ≥300 bp length. Gammaproteobacteria overwhelmingly predominated, constituting 93.4 to 100% of the sequence reads from 45 mussels. Most of these sequences matched previously published phylotypes for thiotrophic endosymbionts hosted by Bathymodiolus mussels. Minor eubacterial classes found in these mussels included Betaproteobacteria (0-5.9%), Epsilonproteobacteria (0-4.1%), and Flavobacteriia (0-1%) (Additional file 4: Table S3 ). Further discussion of these minor eubacterial classes is premature, however. Their potential roles as symbionts, environmental contaminants, or pathogens, must be verified with fluorescence in situ hybridization (FISH) methods to determine their location internally or externally on gill tissues [21, 22] . Those analyses are beyond the scope of this population genetic study.
Small subunit rRNA diversity in Bathymodiolus symbionts
Altogether, 94% of the 43,421 16S sequence reads could be grouped into seven relatively frequent phylotypes that differed by only one nucleotide to each other (Additional file 1: Table S4 ). Phylotypes HT1-HT7 were nearly identical to previously published Sanger sequences from endosymbionts hosted by EPR B. thermophilus (DQ321716) and PAR B. antarcticus (DQ321717) [27] . Phylotype HT1, which dominated all seven samples and constituted 93% of the total sequence reads (Additional file 1: Table S4 ), was 100% identical with a 300-bp segment from the published sequences. Sequence diversity of the seven-most frequent phylotypes was extremely low (mean π population = 0.0001, and mean H population = 0.043, Table 2 and Additional file 5: Table S5 ). Differentiation among the sampled populations was very small (mean pairwise F ST = 0.048 ± 0.008 SD; Table 3 ) with one exception. Elevated pairwise F ST 's involving the small 7°S sample (mean F ST = 0.106 ± 0.011 SD; n = 3) probably resulted from sampling error.
Hierarchical AMOVA (Table 4A ) revealed that none of the bacterial ribotype diversity resided in differences between host samples from the EPR versus PAR regions and only 3.13% resided in differences among samples within the regions. Remarkably, the remaining 98.05% of the ribotype variation was contained in the differences among symbionts within (89.52%) and among host individuals (9.8%) from vent localities (Table 4B) .
Diversity of protein-coding genes in Bathymodiolus symbionts
Unlike the 16S rRNA encoding gene, DNA sequence networks for six protein-coding gene segments (Fig. 2) all exhibited bifurcating patterns (northern and southern symbiont types in Fig. 1 ) corresponding with the northern (n = 56; EPR + GAR) and southern host species (n = 16; PAR). All but one of the nucleotide substitutions between the northern and southern symbiont lineages constituted synonymous substitutions (Additional file 1: Table S6 ). The pgi fragment alone showed a single fixed nonsynonymous substitution (Thr ↔ Ala). All other substitutions (fixed or polymorphic) in the six protein-coding genes were synonymous. Both pgi and pykF exhibited the greatest number of distinct sequences (h) ( Table 2 and Additional file 6: Table S7 ). Except for soxA, haplotypic diversities (H) were relatively homogeneous across the sample locations. SoxA diversity was lowest at three southern locations. Pairwise F ST estimates of the six protein-coding genes were much greater between the host groups (mean F ST = 0.83 ± 0.095 SD) than among populations within groups (mean F ST = 0.15 ± 0.042 SD) ( Table 3) .
Hierarchical AMOVA revealed that most of the diversity in protein-coding genes (61.97-90.65%) resided in differences between endosymbiont populations hosted by two mussel species (Table 4A) . Only 1.43-4.34% resided among population samples within the host groups, and 7.92-34.07% resided among sequence reads within population samples. We further partitioned the withinsample latter component into within-and among-host individual components (Table 4B ). An unexpectedly large proportion of variation resided in symbiont compositions among host individuals (27.48-40 .76%), and the balance resided within hosts (33.73-66.31%). Frequencies of the most abundant protein-coding sequences varied greatly among host individuals across all nine of the population samples (Additional file 6: Table S7 ), resulting in the unexpectedly large among-host individual variability.
Symbiont isolation-by-distance
We used a stratified Mantel procedure to test for an Isolation-by-Distance (IBD) pattern in the proteincoding genes. Because geographic subdivision can generate spurious IBD patterns [45] , samples were partitioned into regions based on distributions of the mussel hosts. The averaged pairwise F ST estimates within the partitions still presented significant positive correlations with distance (r = 0.439; P = 0.021). Consequently, an Isolation-by-Distance (IBD) pattern holds for Bathymodiolus symbiont populations.
Mussels and symbionts in the hybrid zone
The hybrid zone population at 23°S latitude includes individuals with varying proportions of B. thermophilus and B. antarcticus genes [36] . To examine possible correspondence between the northern and southern symbiont strains and their respective hosts, we used the results of Johnson et al.'s [36] NEWHYBRIDS analysis that assigned individual mussels to putative parental, F1, F2, or backcross categories. The symbiont sequences we obtained from a random subsample of eight hybrid zone mussels only revealed the presence of the northern symbiont strain, regardless of the hosts' genotypes (Fig. 3) . It should be noted that two of the mussels had relatively high proportions of southern (B. antarcticus) genes, but they harbored the northern symbiont strain. The symbiont DNA sequences from this sample of eight mussels provided no evidence that the southern symbiont strain occurred in the 23°S mussels, but we cannot exclude the possibility that they might exist in the ambient environment.
Nucleotide substitution rates
We estimated nucleotide substitution rates for the six protein-coding genes based on a vicariance associated with orogeny of the Easter Microplate, about 2.5-5.3 million years ago (MYA) ( Table 5 ). Based on this range 
Discussion
The realization that B. thermophilus hosts a single thiotrophic symbiont species was identified by reverse transcription sequencing of small subunit rRNA with oligonucleotide primers [37] . Subsequent molecular studies confirmed this result [27] , but the PCR/direct sequencing methods used in these studies have limited power to detect rare strains or species. The present high-throughput metagenomics analysis revealed that B. antarcticus and B. thermophilus both host a single overwhelmingly predominant 'ribospecies' of thiotrophic Gammaproteobacteria. We loosely use term 'ribospecies' [50, 51] to denote a grouping of 16S rRNA phylotypes that share ≥97% sequence similarity. Nonetheless, extensive sequence variation in six protein-coding genes revealed that this symbiont 'ribospecies' comprised two highly divergent evolutionary lineages that were geographically separated by the Easter Microplate, corresponding with parapatric distributions of the B. thermophilus and B. antarcticus hosts. On average, 80% of the protein-coding sequence diversity was contained in differences between these symbiont lineages and 17.2% resided in the differences within vent fields.
Only 2.9% of the total diversity occurred among vent fields within geographical regions, but this small variance component manifested an Isolation-by-Distance (IBD) signal that was significant even after hierarchical subdivision was taken into account. Remarkably, an IBD pattern was not found in the Bathymodiolus hosts [36, 52] . Therefore, the bacteria appeared to exhibit more limited "realized" dispersal than the mussel hosts, which produce relatively long-lived planktotrophic larvae [53] . Johnson et al. [36] reported that B. antarcticus and B. thermophilus mussels contact one another and hybridize at 23°S, but we found no evidence that corresponding symbiont lineages were mixed at this locality. They also reported evidence for asymmetrical introgression of southern B. antarcticus alleles into northern B. thermophilus, but the northern and southern symbionts appear to be completely isolated. Our examination of host and symbiont genotypes in a sample of eight mussels from Fig. 2 Sequence networks of six protein-coding genes of Bathymodiolus bacterial symbionts. Two representative geographical regions are overlaid on the networks with two different colors corresponding to the regional sampling sites as in Fig. 1 : blue for northern symbiont type (EPR + GAR) and orange for southern symbiont type (PAR) harbored by B. thermophilus and B. antarcticus host mussels, respectively Fig. 3 Genetic relationship between host mussels and their thiotrophic endosymbionts from the hybrid zone at 23°S. The left panel represents genetic assignments of eight individual mussels to five categories: blue = northern parental (B. thermophilus); red = southern parental (B. antarcticus), black = F1 hybrid; white = F2 hybrid, light blue = northern backcross hybrid, and pink = southern backcross hybrid [36] . Vertical lines mark 0.75 and 0.90 values of posterior probabilities for the assignments. The right panel represents the corresponding symbiont type of each host mussel. Dark blue color-codes for northern symbiont type (EPR) and orange color codes for southern symbiont type (PAR) the hybrid zone provided no evidence for a host/symbiont specificity. Instead, we only found the northern symbiont lineage, despite the existence of some mussels with a large proportion of B. antarcticus genes (Fig. 3) . The apparent absence of southern symbionts at this locality suggests the possibility of complete geographical isolation of the symbiont stains across the Easter Microplate region. Although, we do not know how these bacteria disperse, the present evidence does not support a hypothesis that the symbionts might be transported with dispersing mussel larvae [8] .
The Easter Microplate boundary acts as a variable dispersal filter for a number of vent-restricted taxa. It separates sister-species pairs of bythograeid crabs [54, 55] , and lepetodrilid limpets [56] . The boundary also separates genetically differentiated metapopulation segments of the siboglinid tubeworm Tevnia jerichonana, and the alvinellid palmworm Alvinella pompejana, but the degrees of differentiation do not warrant species recognition [57, 58] . In contrast, it is not associated with differentiation in Branchipolynoe symmytilida, a polynoid annelid that resides in the mantle cavities of mussels [59] , or Riftia pachyptila, the giant siboglinid tubeworm that is emblematic of vents [60] . The isolating potential of this boundary is taxon-specific, reflecting complex interactions between the unique life histories of species, their historical distributions throughout southeast Pacific, and metapopulation processes related to regional extinctions, recolonization events, range expansions, and dispersal modes (reviewed in [10] ).
Little is known, however, about the life history of these mussel symbionts. A free-living stage has been identified in vent habitats [42] , and the early stages of infection was identified in juvenile mussels [31, 32, 61] . However, it is unknown if the symbiotic stages recycle to the freeliving demographic component, as occurs in a siboglinid tubeworm symbiont [62] . Although the symbionts and mussel hosts might experience independent demographic processes, they appear to have experienced similar biogeographical histories. Orogeny of Easter Microplate region probably played a common role in vicariance of their northern and southern populations. This small tectonic plate is estimated to have formed 2.5 to 5.3 million years ago [47, 48] (Fig. 1) . Its east and west rifts are connected by northern and southern transform faults [63] . Topographically elevated seamount chains extending east and west of the Microplate are believed to interrupt deep-ocean circulation, creating strong cross-ridge axis currents in the Easter Microplate region [64] . Empirical evidence based on the oceanic distribution of unique vent gases (i.e. Helium-3) supports the ocean circulation models [65] . Consequently, Won et al. [66] hypothesized that the strong cross-axis currents in this region create a contemporary barrier to dispersal for many vent-restricted animals, and particularly for species like mussels that produce planktotrophic larvae. Furthermore, the southern EPR and PAR exhibit superfast tectonic spreading rate of 141-151 mm/yr [67] that are believed to control the rate of habitat turnover in these regions [10, 68] . Regional differences in tectonic and volcanic activities could alter local geochemical conditions that, in turn, might affect the reduced allelic diversity of soxA in the SEPR and PAR endosymbionts (Additional file 6: Table S7 ). Further research on vent geochemistry in this region might shed some light on factors affecting the physiological ecology of these symbionts and their mussel hosts.
Assuming a 2.5-5.3 million-year (MY) time to the most recent common ancestor of the northern and southern (Table 5) , is comparable to estimates for synonymous substitution in other bacteria: 0.45% for genomic and 0.6-0.8% for protein-coding in E. coli [69, 70] ; 0.82% for genomic and 0.39-0.8% for elongation factor Tu (tuf) in Buchnera [69, 71] . The estimated nonsynonymous substitution rates for Bathymodiolus endosymbionts (0.01-0.023% per site per MY, Table 5 ) were almost identical to rates for the tuf gene in Buchnera (0.013-0.025%, [71] ).
Divergence of the northern and southern symbiont lineages was characterized by numerous fixed and polymorphic substitutions at synonymous sites. Only one fixed nonsynonymous substitution was found among the six nuclear gene fragments (Additional file 1: Table S6 ). The data provided insufficient statistical power to test for adaptive differentiation between the northern and southern symbiont alleles at these loci. Nonetheless, an absence of evidence for natural selection acting on these alleles does not preclude adaptive divergence between the northern and southern symbionts. The lineages might be differentially adapted to EPR and PAR environments or genetically co-adapted with their B. thermophilus and B. antarcticus hosts. Bathymetric variation probably does not contribute to divergence, as all the sampled sites fell within a narrow depth range of 2236-2747 m (Table 1C) , but detailed comparative information about geochemical conditions in the two regions is lacking (e.g., [72] [73] [74] ). Differentiation in the communities of Gamma-and Epsilon-proteobacteria hosted by western Pacific vent gastropods of the genus Alviniconcha to be triggered by local patchiness and regional scale differences in vent geochemistry [14] . Yet, Alviniconcha snails differ greatly from B. thermophilus and B. antarcticus mussels, which host a single predominant 'ribospecies' of Gammaproteobacteria. Perhaps the excess of synonymous substitutions observed in the present sample of genes from this bacterium only represents neutral differentiation between historically isolated populations. Although several physiological studies have been conducted for these uncultivable symbionts [75] [76] [77] , comparative studies of temporal and spatial variation in vent biogeochemistry have not been undertaken. Examining a larger sample of protein-coding loci in these mussels or a very large number of genome-wide single nucleotide polymorphisms (SNPs) might provide the statistical power needed to conduct tests for adaptive differentiation (e.g., [78, 79] ).
As previously noted, Bathymodiolus mussels acquire thiotrophic endosymbionts via infection by free-living stages that occur in the local environment. High levels of differentiation among host individuals within vent samples (35.28% of total variation; Table 4B ) versus low differentiation among vent samples within a region (2.89% of total variation; Table 4A ) appears to be anomalous, unless infections are a stochastic consequence of small-scale temporal and spatial genetic heterogeneity of the free-living bacterial strains (Fig. 4) . Poisson sampling of the free-living bacterial Fig. 4 Model for the hierarchical differentiation of Bathymodiolus symbionts. The differently colored symbiotic bacteria represent different strains of the conspecific bacteria in both free-living and endosymbiotic phases. The large arrows represent environmental acquisition of free-living symbionts by the mussel hosts. An intervening physical barrier, in this case the Easter Microplate region, isolates EPR + GAR and PAR populations of the symbiotic bacteria population seems likely if they are relatively scarce. Fontanez and Cavanaugh [42] reported densities of~1.8 × 10 6 free-living bacteria with the appropriate ribotypes living in biofilms on basaltic blocks experimentally deployed at western Pacific hydrothermal vents. Ambient seawater sampled near adult mussels contained lower densities (~1.74 × 10 5 / l) that declined with distances from the Bathymodiolus patch. Once settling mussel larvae are infected, rapid proliferation of the bacteria would greatly enrich the abundance of a small number founding strains (e.g., [31, 32] ). Bathymodiolus adults from the Mid-Atlantic Ridge were estimated to host~2.5 × 10 12 symbionts per individual [61] ; thus, the high variance among host individuals probably reflects initial sampling bias associated with infections and secondary biases that accrue during enrichment. A random sample of host individuals from a given locality averages these individual sampling biases and provides a better estimate of strain frequencies at that locality. As long as the mussels were not sampled from a single potentially aberrant patch, these averages would explain the low amonglocality variation along a ridge axis.
The adage, "Everything is everywhere, but the environment selects" ( [80] , p. 15), provides a useful and potentially falsifiable starting hypothesis for studies of microbial diversity [81] . Are the pre-infectious thiotroph strains identified in this study distributed evenly throughout a vent field, or does small-scale environmental heterogeneity in geochemical conditions favor different strains? The genetic composition of pre-infectious stages remains unknown, but small-scale heterogeneity in the chemistry of Bathymodiolus habitats, diffuse-flow low-temperature vents, does influence the distribution of free-living bacteria [82] . Habitat patchiness might contribute to the symbiont variance among host individuals in most of the samples. Conversely, the low amonghost variance observed at 17and 38°S might have resulted from sampling of mussels from a single patch (Additional file 6: Table S7 ). Multiple sample chambers have been used with ROVs to characterize the smallscale patchiness in the symbionts hosted by siboglinid tubeworms and Alviniconcha snails [14, 15] . Unfortunately, they were not available on HOV Alvin during our 1999 through 2005 expeditions. Consequently, the present study represents a starting point for addressing these difficult questions. More directed efforts must be made to isolate biological subsamples and obtain corresponding biogeochemical data from discrete environmental patches, a goal for future studies.
Conclusions
The previous understanding of extrinsic and intrinsic factors affecting the dispersal and evolution of chemosynthetic symbiotic partners has been mostly limited to invertebrate hosts due to the difficulties in sampling and culturing of the bacteria. Here, we attempted to overcome these methodological challenges through the combination of parallel DNA pyrosequencing, highly variable genetic markers, and appropriate geographical sampling of horizontally transmitted thiotrophic endosymbiotic bacteria of deep-sea hydrothermal vent invertebrate hosts, Bathymodiolus mussels (Mollusca: Mytilidae), in the eastern Pacific Ocean. The community analysis based on sequences of slowly evolving 16S rRNA encoding gene confirmed that all the host individuals belonging to two allopatric host species, northern B. thermophilus and southern B. antarcticus, harbor the same numerically dominant thiotrophic Gammaproteobacteria. However, anlaysis of molecular variance of the variable sequences of six protein-coding genes of the endosymbionts revealed a strong genetic disconnection due to the formation of the Easter Microplate, which is also responsible for the subdivision of allopatric host species. We found no evidence for adaptive differentiation between the northern and southern symbiont groups but Isolation-by-Distance in the protein-coding genes. The age of Easter Microplate, 2.5-5.3 million years ago, enabled us to estimate synonymous substitution rates of the protein-coding genes, 0.77-1.62%/nucleotide/million years, which turned out to be remarkably similar to those of E. coli and endosymbionts of aphids. Finally, the unexpected high heterogeneity of symbiont sequences among host individuals sampled from the same location suggested that stochasticity associated with initial infections was amplified as symbionts proliferated within the host individuals.
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